Résumé. 2014 Nous présentons des résultats expérimentaux de relaxation nucléaire pour le composé (TMTSF)2ClO4 dans l'état relaxé. Ces résultats montrent clairement l'existence de trois régimes pour le taux de relaxation T-11. Dans Abstract. 2014 We present 1H and 77Se NMR relaxation data on oriented (TMTSF)2ClO4 single crystals in the relaxed state. The data show the existence of three distinct regimes for the nuclear relaxation rate T-11. In the high temperature part (T &#x3E; 25 K) the Korringa law seems to be well satisfied whereas in the lower temperature part we have strong deviations down to 8 K or so. At T ~ 6 K, a different and enhanced Korringa regime appears to be restored. Preliminary results on (TMTSF)2FSO3 under pressure also show similar features. We propose an interpretation of the T-11 behaviour based on the existence of one-dimensional 2 kF spin correlations for repulsive short range intrachain electron-electron interactions. The coherent interchain hopping acts as the main mechanism for the restored but renormalized Korringa behaviour. Moreover, from the low-field data, the proposed scheme of interpretation is not incompatible with the presence of superconducting precursor effects.
Introduction.
The organic conductor tetramethyltetraselenafulvalenium-perchlorate (TMTSF)2CI04 is the only organic conductor known so far in which the conducting (metallic-like) state can be maintained down to the helium temperature regime under atmospheric pressure. Moreover, upon (+) Also at Centre de Physique du Solide, Université de Sherbrooke, Sherbrooke, Quebec, JIK 2R1, Canada. ( + + ) Permanent address : H. C. Oersted Institute, Universitetparken 5, DK-2100 Copenhagen, Denmark. (*) Associe au CNRS.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyslet:019840045015075500 further cooling, a transition towards a superconducting state is observed at 1.2 K [1] , provided great care is taken to cool the system slowly enough, especially below 30 K [2] .
The present work deals exclusively with slowly cooled samples (this is the so-called R-state of (TMTSF)2CIO 4 [3] . The sample was cooled at a constant rate of 10 K per hour). In spite of the clear-cut superconducting properties observed at low temperature, the electronic properties of (TMTSF)2X salts have been the source of very intense controversies. On the one hand, several authors [4, 5] pointed out that the moderate band structure anisotropy of the (TMTSF)2X series, namely t~~/tl &#x3E; 10 rules out low dimensional effects and supports the application of a mean-field theory for the onset of the superconducting instability. On the other hand, the Orsay group emphasized the need for a careful and self-consistent interpretation of all available experimental data [6, 7] . The latter authors suggested that, even with such moderate anisotropy ratios which are encountered in (TMTSF)2X salts, the one-dimensional electron gas theory must be taken as a starting point. The same authors also claimed the existence of precursor effects of the longrange low-temperature order in a domain extending far above the superconducting transition temperature. Such statements were based on the interpretation of low temperature magnetotransport properties (electronic and/or thermal conductivity), far-infrared response at low temperature, electron tunnelling and sensitivity to non-magnetic impurities [8] .
The response of the electron gas at low temperature is directly accessible through NMR properties. NMR has already provided much insight into the study of (TMTSF)2X salts, establishing for instance the magnetic character of the ground state of (TMTSF)2PF6 [9] and the stabilization of a magnetic ground state under a large magnetic field in (TMTSF)2CI04 [2] . A recent nuclear spin-lattice relaxation study of (TMTSF)2CI04 [10] has revealed a breakdown of the Korringalike behaviour (1/TB T -const.) at low temperature, while another study on (TMTSF)2PF6 under pressure has shown a field dependent 1/TB at 4 K [ 11 ] . In figure 2 . As far as proton resonance is concerned, it is important to distinguish between two contributions; one provided by the hyperfine interaction between electrons spins and methyl-protons nuclear spins, and an other due to the quantum tunnelling of methyl groups at low temperature already extensively studied in several tetramethylated molecules [ 14, 15, 10] . At high enough temperature, the tunnelling contribution is dominant and therefore can be extrapolated at low temperature with the assumption of an activated behaviour.
The temperature dependence of both protons and selenium relaxation rates scale together. The scaling factor is given by the ratio of hyperfine interactions, which reads (according to Fig. 3) a(Se)/a(H)]2 x 2 x 103. Hence, IH low temperature relaxation data may provide some information concerning the electronic properties in low fields. However, it must be kept in mind that in the limit of very low fields, possible parasitic relaxation through paramagnetic impurities could become a dominant effect. The reliability of the low-field data (H ;5 1 k0e) must therefore be taken with a « grain of salt » although no strong effects of paramagnetic impurities have been reported in (TMTSF)2X'conductors [13] . [16] . The nature of the superconducting state of (TMTSF)2FS03 is still under controversy since magnetization measurements have failed to detect any sizeable flux expulsion [ 17] .
The ~Sc -1/TB data are presented in figure 4. They display a broad but well characterized peak of the relaxation rate around 9 K. The temperature at the maximum of 1/ T is about twice higher than the temperature for the maximum for (TMTSF)2C104 at a similar field. The ~H -1/TB 1 data obtained at 10.6 k0e //b' do exhibit the same peaking around 8 K (Fig. 4) . Apparently, the temperature at maximum 1/Ta scales with the enhancement of the superconducting transition in (2.5 -3 K) instead of 1.2 K ih (TMTSF)2CI04. The interpretation of 1 H relaxation data at low temperature is less ambiguous than in (TMTSF)2CIO4 since pressure tends to narrow the CH 3-tunnelling peak [15] . Because of a weak signal-to-noise ratio, we were unable to extend measurements to higher temperature and thus to recover a Korringa behaviour for the "Se relaxation rate. However, the data of figure 4 indicate that the relaxation rate at high temperature (T &#x3E; 20 K) is about 4 times smaller than in (TMTSF)2CI04. A decrease of the susceptibility by a factor of two in 10 kbar would be large enough to account for the smaller relaxation rate of (TMTSF)2FS03 under pressure [ 18] . 4. Theory.
In what follows, we will try to reconcile the observed experimental data with the predictions of a quasi-1D or « g-ology » model for organic conductors. The g-ology picture has proved to be relatively well suited to treat electron-electron correlations which are well established in organic compounds. Our program is to look at the contribution of these correlations to the nuclear spin relaxation rate Tï1 via hyperfine coupling. The general expression of T 11 is given by [19] :
where A is the contact hyperfine matrix element taken as q-independent, (ON = yN Ho is the NMR frequency with yN as the gyromagnetic ratio of the nucleus and Ho is the applied static magnetic field. xl stands for the imaginary part of the retarded spin density wave (SDW) correlation function. For the present theoretical approach, the main contribution to T 11 will come from the 1 D-2 kF component of xl. This is supported by the uniform magnetic susceptibility data which do not show any significant variation for T 50 K [13] . The possibility of low temperature SDW enhancement can be predicted in a g-ology picture of the electronic interaction along the chain [20] . This occurs when we assume a repulsive regime for the backward scattering process (gl &#x3E; 0). For the forward scattering (92), the effect of long-range 3D Coulomb interaction has to be considered. Umklapp scattering (g3) is not strong since no activation gap for the conductivity is observed for the perchlorate compound [1] . However, at low temperature g3 may be relevant for the absence of 2 kF charge density wave effect and the enhanced magnetic behaviour [21] [22] [23] . Because of the presence of selenium atoms in TMTSF molecules, some magnetic anisotropy induced by spin-orbit couplings may also be important [21, 24] . The possible nature of the correlations related to these couplings is well known [20, 21, 24] and both divergent SDW and triplet pairing fluctuations can occur. Three-dimensional electronic motion will be assured by interchain hopping of electrons with a strength characterized by the transverse hopping integral t 1-. The relevance of these and related choices of couplings in connection to the proximity of superconductive and antiferromagnetic states in organic materials have already received considerable attention [21, [23] [24] [25] [26] . for the dominant contribution to T 11 in ID. The expression of T 11 is readily derived [27] by making use of the asymptotic properties of the correlation function [20, 28] [20, 28] . Eo is the characteristic energy for strong SDW enhancement (1] &#x3E; 0) and can take any value between 0 and EF [20, 21] . It can only be calculated by an accurate knowledge of all temperature dependent effective couplings relevant to SDW correlations. In practice, for organic compounds Eo is very difficult and indeed impossible to predict. However, from the 1D scaling [20] properties of /'(T) with [20, 23, 26, 30] and a low temperature (T TB) Korringa behaviour can be restored. At Tx, 3D coherent motion of quasi-particles is sufficiently important to rule out the interference between the 2 kF electron-hole and pairing correlations existing in the 1 D regime. From the work of reference [31] , TB is given by : r,~ T°(tllEF)x~1 x (5) where T~ = tj,/7r is the crossover temperature for a free quasi-1 D electron gas [25, 26] . In presence of interaction (a ¥= 0), the interference of 1 D-correlations lowers the density of states at the Fermi level [32] (pseudo-gap effect) which in turn spreads out the interference effect to lower temperature (Tx T°). This effect is therefore naturally connected to the one-electron 1D-correlation function exponent a [31, 28] and the anisotropy ratio tl~EF of the electronic spectrum [31] . For g, 1 &#x3E; 0 and in absence of any gaps, we have : 0 a 1 [28] . In contrast to SDW, this effect is always cut off at EF for non-retarded local interaction [32, 29] .
The prediction of the theoretical temperature profile of 1/7B for quasi-lD metals with SDW enhancement is shown in figure 5a for two values of ~. For T &#x3E; Eo, SDW fluctuations are small and we have a linear Korringa behaviour of T From above, the region Tx T Eo for T can be put in the power law form : which can deviate significantly from the linear regime for allowed values of fl. Here fl is assumed temperature independent and C will coincide with the slope of the high temperature linear regime (T &#x3E; Eo). At T -~ Tx, we have a saturation of the enhancement which is of the order of (T,,IEO) and for T Tx a three-dimensional analysis of T 11 becomes valid [19] . Therefore, in absence of any phase transition in the 3D-regime, the cusp of Tïl at Tx is followed by a renormalized Korringa behaviour down to T = 0 [33] . The ratio between the high and low temperature slopes of T~ ~ is estimated to be of the order of the enhancement factor at Tx : (TB/Eo)~. Here we have neglected the possible effect of transient terms that can give a smooth behaviour of T11 near Tx and Eo.
We are now in a position to apply our model to the NMR data of relaxed (TMTSF)2CIO4 presented in the previous sections. The selenium low-field data (Ho 32 kG) of figure 1 obtained on single crystals show a clear departure from the Korringa behaviour at T ~ 25 K. This gives rise to a power law regime down to 8 K or so and is followed by an enhanced linear regime for T 6 K. This suggests to take Eo ~ 25 K. The fit of figure 5b of the power law regime gives fl ~ 1.1, that may be a temperature averaged value. il -1 is therefore only indicative of the presence of strong SDW correlations. Moreover, their strength is compatible with a drop of T x down to TB ~ 8 K. For example, if we take the values typically found in the literature for the transverse hopping integrals [34, 35] tj~ ~ 100... 300 K and for the anisotropy ratio [34] /Ep ~ 1/10... 1/30. It follows from equation (5) [40] .
The fair agreement between theory and experiment strongly suggests that one-dimensional physics is a relevant and even a necessary ingredient in the understanding of organic compound properties at least for T &#x3E; 10 K. It appears then that the usual statement for the vanishing of any 1 D effects at T T ° N tl is probably somewhat off for organic conductors studied here.
As the renormalized value of Tx decreases with tl one may expect that under high transverse field Ho, orbital effects begin to play an important role restricting the electronic motion perpendicular to the chains. This decreases effectively ~ [41] and can therefore explain the downward shift of the maximum of T11 at 64 kOe (Fig. 1) . However, one must note that for high fields, the spin-flip part of the short-range electron-electron coupling (gl) can be strongly affected at low temperature (T &#x3E; 7B) [20, 42] . This may also be relevant for the perceptible change in the temperature variation of T compared to low fields. Nevertheless, the combined effects of orbital motion and field on T11 deserve a more detailed study in the future.
As in the ID regime, electron-hole correlations are generally coupled to the pairing ones, the existence of T 11 enhancement for protons at field lower than the 3D-superconducting critical field (e.g. Ho -4 kG ~ b') is compatible with coupled antiferromagnetic and superconducting precursor effects at T~ 8 K. As mentioned before, ID theory states that the triplet pairing can be coupled to 2 kF electron-hole (SDW) pairing for a large range of couplings [24, 20, 21] . CDW effects are also possible but they have no experimental support and can then be discarded. Using such predictions of the ID theory, many authors have suggested the possibility of triplet ground state for organic superconductors [21, 23, 24, 34, 43] . Here the given interpretation of the NMR data supports, though indirectly, the view that the proximity of antiferromagnetism and superconductivity in organic metals may have a one-dimensional origin.
In conclusion, the behaviour of the 77 Se and 1 H nuclear spin-lattice relaxation rate in the Rstate of (TMTSF)2CIO4 reveals a striking violation of the relaxation theory usually valid in regular metallic conductors (Korringa relation) in the low temperature domain, below about 25 K. We wish to emphasize that the enhancement of the relaxation which we have observed in (TMTSF)2CIO4 should not be confused with the 1/TB singularity arising from the establishment of a 3D long-range ordered SDW state in (TMTSF)2PF6 at 11 K (P = 1 atm) [9, 14] . The establishment of the SDW state in (TMTSF)2PF6 induces a spectacular broadening of the 77Se NMR line which has not been detected in the present study of (TMTSF)2CI04. A large enhancement of the relaxation in the conducting state of (TMTSF)2PF6 at low temperature (under 6.9 kbar) has also been pointed out by Azevedo et al. [39] .
We have presented an interpretation for the NMR behaviour which derives in a very natural way from the existence of quasi-1D cooperative phenomena in (TMTSF)2X using universally accepted band structure parameters.
Furthermore, these new NMR data present more experimental results which are inconsistent with a single-particle interpretation of (TMTSF)2CI04 at low temperature [7] .
